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Summary 

The mammalian tnteiieukin-1 p*converting enzyme (ICE) 
has sequence similarity to the C. etegans cell death 
gene ced-d. We show here that overexpression of the 
murine ICE (mtCE) gene or of the C. elegans ced-3 gene 
causes Rat-1 cells to undergo programmed cell death. 
Point mutations in a region homologous between mICE 
and CED-3 eliminate the ability of mICE and ced-3 to 
cause cell death. The cell death caused by mICE can 
be suppressed by overexpression of the crmA gene, 
a specific inhibitor of ICE, as well as by bc/-2, a mam- 
malian oncogene that can act to prevent programmed 
cell death. Our results suggest that ICE may function 
during mammalian development to cause programmed 
cell death. 

Introduction 

Programmed cell death (or apoptosis) is a process through 
which organisms get rid of unwanted cells. Programmed 
cell death can be considered as a specific type of terminal 
cell differentiation. In the nematode Caenorhabditis ele- 
gans, a genetic pathway of programmed cell death has 
been identified (Ellis et aL, 1991). Two genes, ced-3 and 
cecM, are essential for cells to undergo programmed cell 
death in C. elegans (Ellis and Horvitz, 1986). Recessive 
mutations that eliminate the function of these two genes 
prevent normal programmed cell death during the devel- 
opment of C. elegans. Genetic mosaic analysis indicates 
that ced-3 and cecM most likely function within cells that 
die and thus may encode a cytotoxic protetn(s) or a oro- 
tein(s) that controls the activity of a cytotoxic protein (Yuan 
and Horvitz, 1990). In ced-3; ced-9 or ced-4; ced-9 double 
mutant animals, mutations in ced-3 and ced-4 block the 
lethality of recessive toss-of-function mutations in ced-9, 
and thus ced-3 and ced-4 act downstream of ced-9, which 
functions as a cell death suppressor gene (Hengartner et 
al., 1992). 

death is very important, not only because of the occur- 
renc of programmed cell death during vertebrate devel- 
opment and tissue homeostasis, but also because ab- 
normally controlled programmed cell death may be an 
underlying cause of many diseases. In C. legans, the 
function of ced-9 can be partially substituted by the mam- 



malian proto-oncogene bcl-2 (Vaux t al., 1992), sug- 
gesting that vertebrate animals may have a similar path- 
way of programmed cell death. In vertebrates, bcl-2 
functions as a cell death suppressor gene (Vaux et al., 
1988; Nunez et al., 1990; Strasser et a!.. 1991; Sentman 
et al., 1991). When overexpressed in hematopoietic cells. 
bcl-2 can protect certain cell lines from cell death induced 
by interleukin-3(IL-3) deprivation (Vaux et al.. 1988; Nuflez 
et al., 1990). In transgenic animals, bcl-2 can protect im- 
mature thymocytes from a variety of insults, including radi- 
ation, glucocorticoid, and anti-T cell receptor antibody- 
induced cell death (Strasser et al., 1991; Sentman et at., 

1991) . Additional members of the bcl-2 gene family, bcl-x 
and Sax, have been isolated that may act synergisticalty 
or antagonistically with bcl-2 (Boise et al., 1993; Oltvai et 
al., 1993). 

One of the most direct ways to identify the vertebrate 
genetic pathway of programmed cell death is to isolate 
and study the genes homologous to ced-3 and ced-4 and 
to analyze the function of homologs in vertebrate cells. 
Recently, ced-4 (Yuan and Horvitz, 1 992) and ced-3 (Yuan 
et aL, 1993 [this issue of Ce//]) genes have been cloned, 
and these studies make it possible to identify the cell death 
genes in vertebrate. The 549 amino acid sequence of the 
CED-4 protein, deduced from cDNA and genomic clones, 
contains two regions that are similar to the calcium-binding 
domain known as the EF hand (Kretsinger, 1987). sug- 
gesting that ced-4 activity and. hence, programmed cell 
death in C. elegans may be regulated by calcium. How- 
ever, attempts in cloning the ced-4 homolog in vertebrates 
nave been unsuccessful. In contrast with ced-4, the amin 
acid sequence of the CED-3 protein is similar to the mam- 
malian lL-1(J-converting enzyme (ICE) (Yuan et al., 1993). 
ICE is a cysteine protease that cleaves the 33 kd pro-IL-1 p 
into the 17.5 kd biologically active 1L-1(J (Cerretti et al.. 
1992; Thornberry et al.. 1992). The overall amino acid 
identity between CED-3 and ICE is 28%, with a region of 
115 amino acids (residues 246-360 of CED-3 and 164- 
278 of ICE) that shows the highest identity (43%). This 
region contains a conserved pentapeptide, QACRG (resi- 
dues 356-360 of CED-3), that contains a cysteine known 
to be essential for ICE function. The similarity betwe n 
CED-3 and ICE suggests not only that CED-3 might func- 
tion as a cysteine protease but also that ICE might act as 
a vertebrate programmed cell death gene. Here we sh w 
that overexpression of ICE causes Rat-1 cells to undergo 
programmed cell death and that death can be inhibited 
by bcl-2 and crmA, a specific inhibitor of ICE (Ray et al., 

1992) . Thus, ICE may control programmed cell death dur- 
ing vertebrate development, just as ced'3 controls pro- 
grammed eel! death during 0 elegans development. 

R suits 

Isolati n ofMurin ICE cDNA 

We cloned the mouse homolog of human ICE from a 

rhouse thymus cDNA library by low stringency hybridiza- 
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Figure 1 . Construction of Expression Cassettes of m\CE~tacZ and 
ced-S-iacZ Fusion Genes 

p(^actl^10Z contains the intact miCE cDNA fused to the E. coli lacZ 
gene (mlCE-/acZ). p(}actM1 1Z contains the cDNA coding for the P20 
and PlO subunits of mICE fused to the E. coli tacZ gene (P20/P10- 
/acZ). p3actMl9Z contains the cONA coding for the P20 subunit of 
miCE fused to the E. coli lacZ gene (P20-/acZ). p&actMl 22 contains 
the cDNA coding for the PI 0 subunit of mICE fused to the E. coli lacZ 
gene {PKMacZ). p0actced38Z contains the cDNA of the C. elegans 
ced'3 gene fused to the /acZ gene {ced-3-iacZ), pJ485 and p^act- 
ced37Z contain a glycine to serine mutation at the active domain of 
pentapeptide QACRG in miCE and CED-3, respectively. ppactMlTZ 
contains a cysteine to glycine mutation at the active domain of penta- 
peptide QACRG in mICE. pact^gar is a control piasmid (Maekawa et 
al., 1991). All plasmids use the chicken [5-actin promoter. 



lion using human ICE as a probe. This clone, named mtCE, 
is identical to the clone that was isolated by Nett et al. 
(1 992) except for base pair 1 66, which is an A in our cDNA 
and resulted in asparagine instead of aspartic acid, as in 
their clone. This difference may be a DNA polymorphism 
since our clone was isolated from a thymus cDNA library 
of mouse B6/CBAFIJ (C57B x CBA) strain while their 
clone was from a WEHI-3 cell cDNA library. WEHI-3 cells 
were Initially derived from the BALB/c mouse. Subsequent 
experiments have shown that this DNA polymorphism is 
in a region not essential for ICE function (see below); thus, 
it should not have affected our results. 

Overexpression of ICE Causes RaM Cells 
to Undergo Programmed Cell Death 

We designed a transient expression system to determine 
whether overexpression of mICE induces programmed 
cell death. We fused the mICE cDNA with the Escherichia 
coli lad gene and placed the fused gene under the control 
of the chicken 3-actin promoter (p^actMIOZ) (Figure 1). 
The active ICE protein consists of two subunits. P20 and 
P10, processed fr m a 45 kd precursor peptide (Cerretti 
i al., 1992; Tnorn berry ai., 1992). To test tn6 functiori 
of th subunits Individually, we constructed three addi- 
tional fusi n g n s. P20/P10-/acZ (pfactMIIZ), P20- 
/acZ(pPactM19Z), and P10-/acZ(pPactM12Z) (Figure 1). 
which contains the coding regions for th P20/P10, P20, 
and P10 subunits, r spectivety, fused to the E. coli /acZ 
gene. 



The mlCE-/acZ, P20/P10-/ac2, P20-/acZ. and P10- 
/acZ constructs w r transfected into Rat-1 cells (rat fibro- 
blasts) by calcium-phosphat precipitation. W fix d cells 
24 hr after transfection and added X-Gal solution to de- 
velop the color reaction (Figure 2). We discovered that 
most blue (X-Gal-positive) Ral-1 cells transfected with in- 
tact mlCE-/acZ or P20/P10-yacZ were round when we 
stopped color development in 3 hr. When Rat-1 cells were 
transfected with P20-/acZ, P10-/acZ. or the control lad 
(pactPgalO construct and processed in the same way, most 
blue cells were flat cells (Figure 2; Table 1). The average 
round blue cell diameter is 12 ± 1 Mm, and the average 
longitudat size of the flat blue cell diameter is 45 ± 3 ^m. 
This is consistent with the observation made by Jacobson 
et al. (1993) that the apoptotic cells are about three times 
smaller in diameter than normal cells. In C. elegans her- 
maphrodites, most programmed cell death is observed in 
neuronal lineages (105 of 131 programmed cell deaths; 
Horvitz et al. , 1 982). We transfected the mlCE-/acZ chime- 
ric gene into the neuroblastoma and glioma cell line 
NG 1 08-1 5 (Amano et al. , 1 974). and similar results to those 
described above were obtained (data not shown). To char- 
acterize the nuclear morphology of round blue cells, we 
stained the mlCE-/acZ-transfected Rat-1 cells with a rho- 
damine-coupted anti-^-galactosidase antibody and Hoescht 
dye. We found that 3-galactostdase-positive round cells 
have condensed and fragmented nuclei (Figures 3A and 
3B), a typical feature of cells undergoing programmed cell 
death (Wyllie, 1981; Oberhammer et al., 1992; Jacobson 
et al., 1993). Live Rat-1 cells are flat and attach well to 
the plate, while dying Rat-1 cells are round and eventually 
detach from the plates. We found that the mlCE-/acZ 
chimeric gene-expressing round cell can also be stained 
by trypan blue (Figures 3C-3E), indicating that X-Gal- 
positive round cells are dying cells. Thus, our results suggest 
that overexpression of mICE induces programmed cell 
death and that the activity depends on both P20 and P10 
subunits. If we continued X-Gal color development on 
Rat-1 cells transfected with mlCE-/acZ or P20/P10-/acZ 
for 24 hr, additional flat Rat-1 cells turned slightly blue. 
We interpreted this result as showing that a certain thresh- 
old level of mICE is required to induce programmed cell 
death. 

To determine whether cell death caused by overexpres- 
sion of ICE is specific, we made two mutant ICE fusion 
proteins: one with a glycine replacing the cysteine in the 
active site of ICE and the other with a serine replacing the 
glycine in the pentapeptide active domain of ICE, OACRG 
(Thornberry et al., 1992), corresponding to the cec^-3 null 
mutant allele n2433 (Yuan et aL, 1993). We found that 
both mutations eliminated the ability of mICE to induce 
Rat-1 cell death (see Figure 2; Table 1). Thus, cell death 
induced by overexpression of ICE is dependent upon th 



Suppression of Programmed Cell Death 
by cmA and bc/-2 

The cowpox virus gene crmA encodes a 38 kd prot in that 
can specifically inhibit ICE activity (Ray t al.. 1992). tf 
Rat-1 cell death Induced by over xpression of mICE Is 
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Figure 2. X-Gal Staining of Rat-1 Cells Expressing Constructs of mlCB-tacZ and ced-S-facZ 

Rat-1 cells were transiently transfected with the constructs shown in Figure 1, fixed 24 hr later, and stained with X-Gal solution for 3 hr. (A and 
B) pPactMIOZ. (C) p&actMllZ. (D) pPactM12Z. (E) pJ485. (F) p3actced38Z. (G) pPactced37Z. (H) pactPgal'. The scale bar in (A) represents 100 
vim. The scale bar in (H) represents 50 ^m, (BHH) are the same magnification. 



due to the enzymatic activity of ICE protein, the product 
of crmA should inhibit the cell death induced by the mICE- 
lacZ construct. We transfected the nnlCE-/acZ construct 
into the Rat-1 cell lines that overexpress crmA and devel- 
oped a X-Gal color reaction as before. We found that we 
could now obtain a larger percentage of blue cells that 
showed the flat morphology (Table 1). indicating that the 
expression of CrmA protein can inhibit ICE-tnduced cell 
death. This rcs'jlt suggests that the snzymatic activity of 
ICE is essential for its ability to kill cells. 

In mammals. tocA2 pr vents certain cells from und rgo- 
ing programmed cell death (Vaux et al., 1988; Nunez et 
al., 1990; Stressor et aJ.. 1991; S ntman et al.. 1991). 
Expression of human bcA2 in C. eiegans has been shown 
partially to prevent programm d cell death (Vaux et al., 



1992); thus, bcl'2 is functionally similar to the C. eiegans 
ced-9 gene (Hengartner et al., 1992). Since ced-Q acts in 
C. eiegans presumably by suppressing the activity of ced-3 
and cecM to protect cells from programmed cell death, 
we reasoned that if overexpression of ICE causes pro- 
grammed cell death, such death may be prevented by 
overexpressing bcl-2. When we transfected the mlCE- 
/acZ fusion construct into Rat-1 cells overexpressing bch2 
and developed the X-Gal color r action as before, w 
found that a high percentage of blu cells w r now flat, 
attached cells (Table 1). Thus, the cell death induced by 
overexpression of mtCE can be suppressed by bcl-2. This 
r suit indicates that cell d ath induced by overexpression 
of mICE is likely to be caused by activation of a normal 
programm d cell death mechanism. 
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Table 1. Overexpression of mICE Causes Rat-1 Cells to Undergo Programmed Cell Death 



Expression Cassettes 


Rat-1 






Rat-l/cnmA 


pact3gal' 


1.4 ± 


0.2(1377) 


2.2 ± 0.5 (406) 


2.9 ± 0.8 (339) 


p^actMIOZ 


89.6 ± 


2.4 (639) 


9.9 ± 2.1 (346) 


18.8 ± 2.9(391) 


p^actMllZ 


93.3 ± 


2,7 (570) 


13.8 ± 4.3 (350) 


24.5 ± 3.4 (538) 


p&actM19Z 


2.2 ± 


0.4 (369) 


NO 


ND 


p3actM12Z 


2.4 ± 


1.0 (547) 


3.3 ± 1.5(343) 


2.6 £ 0.3(361) 


p&actM172 


2.7 ± 


0.8 (369) 


NO 


ND 


pJ485 


1.3 ± 


0.8 (395) 


NO 


ND 


p3actced38Z 


45.0 ± 


2.0 (480) 


31.5 ± 3.0(117) 


30.8 i 2.4 (146) 


p^actced37Z 


3.7 ± 


1.6 (345) 


NO 


ND 



The constructs shown In Figure 1 were transiently transfected into Rat-1 cells, Rat-1 cells expressing bcf-Z (Rat-1/bc/-2). or Rat-1 cells expressing 
crmA (Rat-1 /c/7n4). Cells were fixed 24 hr after transfection and stained with X-Gal for 3 hr. The data (mean ± SEM) shown are the percentage 
of round blue cells (cell diameter less than 15 ^m) among total number of blue cells counted. The data were collected from at least three independent 
experiments. Multiple lines that express either £>c/-2 or crmA were checked for suppressing mICE-induced cell death, and all showed similar results 
(data not shown). ND, not determined. The number of total blue cells analyzed is shown in parentheses. 



ced'3 Can Cause Rat-1 Cells to Undergo 
Programmed Cell Death 

If mICE is a functional vertebrate homolog of ced-S, one 
possibility is that ced-3 may also be able to cause Rat-1 
cells to undergo programmed cell death. As expected, 
expression of the ced-3~lacZ fusion also induced Rat*1 



cell death (see Figure 2; Table 1). If mICE functions in a 
simitar way as ced-3, another prediction is that mutations 
within ced'3 that eliminate ced-3 activity in C. eiegans 
should also eliminate its activity in vertebrates. We tested 
this hypothesis by mutating the glycine residue in the pen- 
tapeptide active domain of CED-3, QACRG, to a serine 




Figure 3. Cells Induced to Die by Overexpression of mICE Have a Condensed Nucleus, a Feature of Programmed Cell Death 

(A) Rat-1 cells transiently transfected with control pact3gat' and (24 hr later) fixed and stained by anti-^alactosidase antibody (top panel) or by 
Hoescht 33258 dye (bottom panel). The nuclear morphology in ^-galactostdase-expressing cells is normal and noncondensed. 

(B) Rat-1 celts transiently transfected with p^actMlOZ and processed as in (A). The round cell nucleus expressing the mICE-LacZ chimeric 
protein-expressing celt is condensed and fragmented. 

(C) Trypan blue staining of a round dead cell (purple cell), 

(D) X-Gal staining of Rat-1 cell transiently transfected p^actMIOZ (blue cell). 

(E) Trypan blue and X-Gal double staining (blue and purple color In the same cell). 
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Vertebrates: 



C etegariT. 



Live cells 
Bct-2 ^ICE/^ 



Ced-9 



^ Ced-3/Ced-4 



dead cells 
CE/' active 

Ced-3/Ced-4 active 



Figure 4. Genetic Pathways of Programmed Cell Death in Vertebrates 
and in the Nematode C. elegans 

In C. elegans, the gene ced-d acts to prevent cell death by suppressing 
ced'3 and ced^. In cells undergoing programmed cell death, cec*-9 
is inactive and ced-3 and cecM act to cause cell death. In vertebrate 
animals, bcf-2 acts to prevent cell death by inhibiting ICE activity. In 
the cells undergoing programmed cell death, bci-2 is inactive and iCE 
acts together with a putative ced-4 homolog (shown by a question 
mark) to cause cell death. 



residue, corresponding to the ced-3 null mutant allele 
n2433 (Yuan et at., 1993). We found that this mutation 
eliminated the ability of ced-3 to induce Rat-1 cell death 
(see Figure 2; Table 1). 

When we transfected the ced-3-tacZ fusion gene Into 
Rat-1 cell lines that overexpress either crmA or bcl-2, we 
found that cell death is suppressed, but to a lower extent 
(Table 1). One explanation of this result is that CrmA and 
Bcl-2 suppress cell death by directly interacting with cell 
death proteins and that such interactions with the nema- 
tode CED-3 protein are less efficient than with the verte- 
brate mICE protein. 

Discussion 

We demonstrate here that overexpression of mICE in 
Rat-1 cells causes programmed cell death and that muta- 
tions in the active domain of ICE eliminate this activity. 
Our results provide functional evidence that mlCE may 
be a vertebrate cell death gene. Our results suggest that 
ICE may function to cause programmed cell death during 
the development of vertebrate animals, similar to CED-3 
in C. elegans. Furthermore. Bcl-2 may act normally to sup- 
press the activity of ICE to prevent programmed cell death, 
as does CED-9 to CED-3 in nematodes. Thus, vertebrate 
animals may have a genetic pathway of programmed cell 
death similar to that of C. elegans (Figure 4). We hypothe- 
size that in living cells, Bcl-2 is active, which may directly 
or indirectly inhibit the activity of ICE; in cells undergoing 
programmed cell death, Bcl-2 is inactive, and thus ICE is 
activated, which in turn causes cells to die. 

ICE has been identified as a substrate-specific protease 
that cleaves the 31 kd pro-IL-13 between Asp-116 and 
Ala-1 1 7 to produce the mature 1 7.5 kd lL-1 p. IL-1 is one of 
primary mediators of the response of the body to microbial 
invasion, Inflammation, Immunological reactions, and tls- 

though it is not clear what role 1L-1P plays in programmed 
c II death, there Is evidence that ICE Is activated when 
certain cells undergo programmed cell death. For exam- 
ple, after murine periton al macrophages were stimulated 
with lipopotysaccharide and induced to undergo pro- 
grammed cell death by xposur to extracellular ATP, ma- 



ture activ tL-1^wasr leased Into th culture; In contrast, 
when cells were Injured by scraping, IL-1^ was released 
exclusively as the inactive precursor peptide (Hogoquist 
et al., 1991). ICE mRNA has been detected in a variety of 
tissues, including peripheral blood monocytes, peripheral 
blood lymphocytes, peripheral blood neutrophils, resting 
and activated peripheral blood T lymphocytes, placenta, 
the B lymphoblastoid line CB23. and monocytic leukemia 
cell line THP1 cells (Cerretti et al,. 1992). But only periph- 
eral blood monocytes and THP1 cells have detectable 
amounts of IL-ip mRNA (Cerretti et al., 1992), suggesting 
that ICE may have an additional substrate In addition to 
pro-IL-1p. The substrate that ICE acts upon to cause c II 
death Is presently unknown. One possibility Is that It may 
be a vertebrate homolog of the C. elegans cell death gen 
cecM (Ellis and Horvitz. 1986; Yuan and Horvitz. 1992). 
Alternatively, ICE might directly cause cell death by pro- 
teolytically cleaving proteins that are essential for cell via- 
bility. 

The ability of crmA to block the cell death induced by 
overexpression of ICE suggests that one of the in vivo 
functions of crmA may be to block programmed cell death 
after cowpox virus infection. Latent and/or persistent infec- 
tions are a part of the lifestyles of many viruses, as the 
ability to maintain a long-term relationship with their hosts 
is vital for the survival of viruses. A variety of viral mecha- 
nisms have evolved to prolong the life span of host cells. 
For example. Infection of Epstein-Barr virus, a herpes vi- 
rus responsible for Infectious mononucleosis (Henle and 
Henle, 1979), prolongs the survival of Infected B cells. 
Epstein-Barr virus-coded early lytic cycle protein, BHRF1 . 
a viral homoloc 3cj-2, may be responsible for enhancing 
B cell survival (i-ienderson et al. . 1 993). A baculovirus gene 
product, p35. has 0c9,n identified as having the ability to 
block the host apopiosis response (Clem et al., 1991). 
Coupling of EIA-Induced cell proliferation and E1B- 
dependent suppression of cell death is required for trans- 
formation (Debbas and White, 1993). Programmed c 11 
death may be one of the primary antiviral defense mecha- 
nisms of cells. Thus, it Is interesting that ICE, the gene 
responsible for processing active IL-ip, a cytokine pro- 
duced in response to infection and tissue injury and in- 
volved in regulation of the inflammatory and Immune re- 
sponses that contribute to a broad spectrum of host 
defenses, is also involved In controlling programmed cell 
death. The close coupling of programmed cell death and 
IL-ip production may be an efficient way that nature has 
evolved to counteract viral invasions. 

ICE may function in certain cells to cause programm d 
cell death during vertebrate devebpment, and ICE-lnduced 
cell death may be suppressed by Bcl-2. The level of ICE 
expression is likely to be high in dying cells In our assay 
since most blue round cells appear within 3 hr of color 
r*ovelopment= This Is similar to ced-3: th mRNA level of 
cec^-3 during the embryonic development f C. legans, 
which Is th period when most programmed cell deaths 
occur, is also very high: the 1 v 1 of cec^3 mRNA is compa- 
rable to that of actin 1 (Yuan et al., 1 993; J. Y., unpublished 
data). In addition t th transcriptional regulation of ICE, 
posttranscriptional regulation is crucial for ICE activity. 
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ICE itself is proteolytically cleaved from a precursor 45 kd 
into P20 and P10 subunits for enzymatic activation (C r- 
retti et al., 1 992; Thornberry et al., 1 992). We have shown 
that both P20 and PIO are required for ICE to cause cell 
death. We hypothesize that part of the activation mecha- 
nism of ICE may involve proteolytic cleavage of the 45 kd 
ICE precursor protein. Consistent with this hypothesis, we 
detected a processed sized ICE-LacZ fusion protein only 
in the dying Rat-1 cells transfected with the ICE fusion 
expression construct, while only the intact fusion protein 
was detected in transfected living Rat*1 cells (data not 
shown). A previous study (Thornberry et al., 1992) sug- 
gests that ICE cleavage is not autocatalytic. Mechanisms 
of iCE processing are unclear at present. However, the 
enzymatic activity of ICE was detected in COS cells 
transfected with an ICE expression construct, suggesting 
that overexpression of ICE leads to ICE activation (Cerretti 
et al., 1992; Thornberry et ai., 1992). ICE expression is 
detected in a wide variety of tissues from the embryonic 
development stage to adulthood (data not shown). Proteo- 
lytic cleavage of ICE activity may be an essential step in 
ICE activation. 

Abnormal regulation of ICE could lead to pathological 
cell death. High levels of IL-1|3 have been detected in a 
number of diseases, including Alzheimer's disease (Griffin 
et al., 1989), rheumatoid arthritis (Wood et al., 1983; Fon- 
tana et ai.. 1982), septic shock (Waage et al., 1989), and 
head injury (McClain et al., 1987). Since cleavage of pro- 
IL-1 3 is coupled to release (Hazuda et al.. 1 988), increased 
IL-1 p release suggests that ICE may be activated in these 
pathological conditions. We propose that inhibition of ICE 
may be a way treating these diseases or conditions. 

Experimental Procedures 

Screening of cDNA Library 

Standard techniques of molecular cloning were used as described 
(Sambrook et al., 1989), unless otherwise indicated. A hunrian ICE 
cDNA was obtained by polymerase chain reaction (PGR) using the 
human tCE sequence (Thornberry et al., 1992). This cDNA was used 
as a probe to screen a mouse thymus cDNA library (Stratagene. La 
Jolla, California). The fitters were hybridized in 5 x SSPE. 20% for- 
mamide. 0.02% Ficoll, 0.02% bovine serum albumin. 0.02% polyvinyl- 
pyrrolidone, 1% SDS at AQ^C for 2 days and washed in 1 x SSPE 
and 0.5% SDS for 20 min, twice at room temperature and twice at 
45^0. 

Plasmld Constructton 

pJ415 was constructed by first inserting a 5' 400 bp Bglll-BamHI crmA 
fragment into the BamHI site of the pBabe/puro vector and then in- 
serting the remaining 1 kb BamHI crmA fragment into the 3' BamHI 
site in a sense direction. pJ436 was constructed by inserting an EcoRI- 
Sall bct-2 fragment into the EcoRI-SaJI sites of the pBabe/puro vector 
(Morgenstern and Land, 1990). To construct fusion genes, the E. coli 
p-galactosidase gene was taken from the plasmid 407-794.Z (Picard 
and Yamamoto, 1 987) by digestion with BamHI and cloned into pBtue- 
script vector (BSlacZ). Various 5' deletion fragments of mICE (pJ348) 
were obtained by PCR. PGR was performed by using synthetic primers 
(M10 and T3 primer for the whole mICE construct. Ml 1 and T3 nrim«r 
for the P20/P10 construct. Mil and Ml 3 for the P20 construct. Ml 2 
and T3 primer for the PIO construct) and pJ348 as a template. The 
primer sequences were as follows: M10, AAGTCGACGCCATGGCT- 
GACAAGATCCTGAGGG: Mil, AAGTCGACGCCATGAACAAAGA- 
AGATGGCACAT; M12, AAGTCGACGCCATGGGCATTAAGAAGGC- 
CCATA; M1 3. TTCCGGGGTCATCTTCAAAAATTGCATCCG. The am- 
plified fragments were digested with Sail and Smal and then cloned 



into Sal(-Smal sites of BSlacZ. BSced38Z was made by first inserting 
a Smal-digested PCR product of cec^3 cDNA (primers used were Mie 
and M19; M18. AACCCGGGAGGCCTCCATGATGCGTCAAGATA- 
GAAG; Ml 9. AACCGGGGAGGGCAGAGTTTCGTGCTTCGG) into 
BSlacZ. BSM10Z (mlGE-/acZ in pBluescript M vector). BSM11Z (P20/ 
PlO-/acZ in pBluescript II vector), BSM19Z (P20-/ac2 cloned in 
pBluescript II vector). BSM12Z iP}0^acZ cloned in pBluescript II vec- 
tor), and BSced38Z {ced-S-iacZ cloned in pBluescript II vector) were 
digested with Xhol-Nott. blunt ended by Klenow fragment, and then 
cloned into p^actSTnecB (Miyawaki et at.. 1990) (digested with Sail 
and blunt ended by Klenow fragment) individually, and the resulted 
plasmids were named p^actMlOZ, p&actMllZ, pPactMi2Z, and p3ac- 
tced38Z, respectively. To mutate the glycine residue to a serine resi- 
due in the active domain of mICE, the PCR product of primers m8p/ 
s (ATTCAGGGGTCCAGAGGAGAGAAAC) and mice 8 (GGCACGATT- 
GTCAGCATAGGT), using pJ348 as a template, was digested with 
SphI and Smal and then cloned into the Sphl-Smal sites of BSM10Z 
(pJ483). To mutate the cysteine residue to a glycine residue in the 
active domain of mICE, the PGR product of MIO and MIS (CAAGGGC- 
TGCCTGAATAATGATCACCTT), using pJ348 as a template, was di- 
gested with Sail and StuI, then cloned into BSMIOZ that was digested 
with SphI and blunt ended by T4 DNA polymerase, and then digested 
with Sail (BSM17Z). To mutate the glycine residue to a serine residue 
in the active domain of ced-3. the PCR products of the C-terminal 
portion of CED-3 (primers used were M 1 9 and M20; M20, GCAGGGCT- 
GTCGATGGGAACGTCGTGACAATGGATT) and the N-terminal por- 
tion of GED-3 (primers used were M18 and M21 ; M21 . ACAGGCCTG- 
CACAAAAAGGATTTT) were digested with StuI and Smal and then 
cloned into Smal site of BSlacZ (BSced37Z). pJ463, BSM17Z, and 
BSced37Z were digested with Xhol and NotI, blunt ended by Klenow 
fragment, and then cloned into p^actSTneoB individually, and the re- 
sulted plasmids were named pJ485, p3actM17Z. and ppactced37Z. 
respectively. 

Cell Culture 

Rat-1 cells were grown in Dulbecco's modified Eagle's medium with 
10% fetat calf serum. The day before transfection, cells were seeded 
at a density of about 2 x 1 0' in each of the 6-well dishes. For each 
well, 1 \ig of /acZ chimeric construct and 4 (ig of calf thymus DNA 
were coprecipitated with calcium-phosphate according to a standard 
protocol (Graham and Eb. 1973) and incubated for 3 hr. Cells were 
washed and incubated for 24 hr. To detect the expression of chimeric 
gene in transfected Rat-1 cells, cells were fixed with 1% glutaralde- 
hyde for 5 min, rinsed three times with phosphate-buffered saline 
(PBS), and stained in X-Gal buffer (0.5 mg/mt 5-bromo-4-chloro-3- 
indoxyl 3-galactoside, 3 mM K3Fe(CN)e. 3 mM K4Fe(CN)e-3H20. 1 mM 
MgClj. 10 mM KGI, 0.1% Triton X-100 in 0.1 M sodium phosphate 
buffer (pH 7.5]) at 37*'C for 3 hr. To establish Rat-1 cell lines that 
overexpress crmA and bc/-2, pJ415 and pJ436 were electroporated 
into ufCRE retroviral packaging cells (Danos and Mulligan. 1988) using 
Bio-Rad electroporating apparatus. Supernatant either from overnight 
transiently transfected ufCRE cells or from stable lines of vGRE celts 
expressing either crmA or bct-2 were used to infect Rat-1 cells over- 
night in the presence of 8 ng/ml of potybrene. Resistant cells were 
selected using 3 ^g/ml puromycin for approximately 10 days. Resistant 
colonies were cloned and checked for expression levels using both 
Northern and Western blots (data not shown). 

Antibodies and Immunocytochemlstry 

Bcl-2 antibodies were from S. J. Korsmeyer and from DAKO (Carpin- 
teria, California). CrmA antisera were made by immunizing rabbits 
with a E. coli-expressed CrmA fusion protein (pJ434). pJ434 was made 
by inserting an EcoRl-Sall fragment of crmA cDNA into EcoRI--Sall 
sites of pET21a (Novagen, Madison, Wisconsin), and fusion protein 
was AvnrAftAAH in an F. rn\\ RL21 (DE3) Strain. Fof lmrT»ur»ocy?ochef?*!S- 
try, Rat-1 cells grown on coverslips were prefixed with 4% paraformal- 
dehyde and then postfixed with 5% acetic acid in ethanol. The samples 
were incubated with anti-O-galactosidase antibody (1:200 dilution, 
Cappel, Durham, North Carolina) for 1 hr, washed with PBS. incubated 
with rhodamine-labeled anti-rabbrt immunoglobulin G (1 : 1000 dilution. 
Cappel) for 30 min, washed in PBS. incubated with Hoescht 33258 
dye (Final concentration. 5 ^M) for 1 min. and washed again in PBS. 
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Samples were mounted and examined with a Zeiss Axiophot fluores- 
cence microscope. For the trypan blue-X-GaJ double staining, cells 
were washed with PBS and stained with 0.4% trypan blue in PBS 
for 10 min. Cells were then washed twice with PBS. fixed with 2.5% 
glutaraldehyde, 2 mM MgCI>, 2 mM EGTA in PBS for 10 min and 
stained with X-Gal buffer without Triton X-100 for 1 hr. 
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